Abstract. The prognosis of patients with gastric cancer remains poor mainly due to distant metastasis. Maternally expressed gene 3 (MEG3), a long non-coding RNA (lncRNA), is downregulated in various tumor tissues and suppresses tumor progression. miR-21 is a microRNA which is expressed highly in tumor tissues. In the present study, we investigated the relationship between MEG3 and miR-21 in regards to the cell mobility of gastric cancer. Our data demonstrated that MEG3 was downregulated while miR-21 was upregulated in gastric cancer tissues and cell lines by qRT-PCR. Overexpression of MEG3 suppressed cell mobility of gastric cancer cells (AGS) by downregulating the expression of MMP-3, MMP-9 and VEGF. As shown by western blot analysis, overexpression of MEG3 also suppressed epithelial-mesenchymal transition (EMT) by increasing the expression of an epithelial marker (E-cadherin) and downregulating the expression of mesenchymal markers (N-cadherin, Snail and β-catenin), indicating that MEG3 suppressed cell mobility through the inhibition of EMT in gastric cancer. The expression of miR-21 was negatively regulated by MEG3 and overexpression of miR-21 promoted cell mobility of AGS through activation of EMT. Co-transfection of lncRNA-MEG3 and miR-21 mimic counteracted the inhibitory effect on the cell mobility attributed to MEG3, suggesting that the MEG3/miR-21 axis affects cell mobility by suppressing EMT in gastric cancer. Using a mouse xenograft tumor model, we found that the overexpression of MEG3 suppressed tumor growth and metastasis while overexpression of miR-21 had the opposite effects.
Introduction
Gastric cancer is one of the most malignant tumors in the world especially in East Asia (1) . Despite the fact that great advances have been achieved in the early detection and treatment, the mortality of gastric cancer remains high, which is mainly attributed to metastasis and recurrence (2) . Evidence indicates that epithelial-mesenchymal transition (EMT) plays important roles in gastric carcinogenesis (3) . EMT is a cellular switch from epithelial to mesenchymal properties. During EMT, epithelial phenotypes are lost while depolarization of cells occurs, thus contributing to cancer progression (4) . EMT is reported to endow cells with higher ability of migration and invasion. Various studies indicate that EMT promotes cancer progression in various types of cancer including lung, gastric and ovarian cancer (5) (6) (7) . Thus, suppression of EMT can aid in the inhibition of distant metastasis and improve the prognosis of patients with gastric cancer.
Maternally expressed gene 3 (MEG3), which encodes an lncRNA, locates on chromosome 14q32.3 in humans and it is associated with tumorigenesis (8) . MEG3 is expressed in many normal tissues especially in the brain, adrenal gland and placenta (9) . However, MEG3 expression is lost in various tumor cells including hepatocellular, lung and bladder cancer (10) (11) (12) . As in gastric cancer, a study by Sun et al elucidated that downregulation of MEG3 was associated with poor prognosis and promoted cell proliferation in gastric cancer (13) . Whether MEG3 influences gastric cancer cell mobility and the potential mechanism remain unclear.
MicroRNAs (miRNAs) are a class of non-coding RNAs which are 18-25 nucleotides in length. miRNAs interact with target mRNAs to regulate the expression of target genes (14) . Among these miRNAs, miR-21 has been demonstrated to affect tumorigenesis, migration and invasion in different types of cancer cells (15) . Overexpression of miR-21 was found to promote gastric cancer BGC-823 cell growth, invasion and cell migration, suggesting that miR-21 plays crucial roles in the pathogenesis and progression of gastric cancer (16) . The relationship between MEG3 and miR-21 has been elucidated in cervical cancer; MEG3 was found to be downregulated in cervical cancer and affects cell proliferation and apoptosis by regulating miR-21 (17) . However, the interaction between MEG3 and miR-21 in gastric cancer remains unclear.
In the present study, we investigated the role of MEG3 and miR-21 in gastric cancer cell mobility. Our data demonstrated that MEG3 downregulated the expression of miR-21 to inhibit cell mobility by suppressing EMT in gastric cancer.
Materials and methods
Cell lines and culture conditions. Five gastric cancer cell lines (AGS, NCI-N87, SGC-7901, MKN-45 and TMK-1) and a normal gastric epithelium cell line (GES-1) were purchased from the American Type Culture Collection (ATCC, Manassas, MA, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) medium supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic solution at 37˚C in a humidified 5% CO 2 incubator.
Real-time quantitative polymerase chain reaction (qPCR).
Total RNA was extracted from tumor tissues or cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's instructions. RNA was reverse-transcribed to cDNA by a reverse transcription kit (Takara Biotechnology, Co., Ltd., Dalian, China). Power SYBR-Green (Takara Biotechnology) was used for detection of MEG3 expression. The PCR primers for MEG3 and GAPDH were as follows: MEG3 forward, 5'-CTG CCC ATC TAC ACC TCA CG-3' and reverse, 5'-CTC TCC GCC GTC TGC GCT AGG GGC T-3'; GAPDH forward, 5'-CGC TGA GTA CGT CGT GGA GT-3' and reverse, 5'-CGT CAA AGG TGG AGG AGT GG-3'. To detect miR-21 expression, stem-loop RT-qPCR was performed using SYBR Premix Ex Taq™ (Takara Bio, Inc., Shiga, Japan) accord ing to the manufacturer's protocol. The universal small nuclear RNA U6 was used as an endogenous control for miRNA levels. The primers for miR-21 and U6 were as follows: miR-21, 5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT CAA CA-3'; U6 forward, 5'-CTC GCT TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'. The relative level was calculated by the relative quantification (2 -ΔΔCq ) method. Invasion assays. Invasion assays were analyzed using Transwell chambers coated with Matrigel. Cells (1x10 5 ) were seeded into the top chamber and allowed to invade through the filter. After 24 h, the cells on the top of the filter were removed while cells on the bottom were fixed in 4% paraformaldehyde. After that, the chambers were stained with crystal violet and analyzed under a light microscope (Olympus CX31; Olympus Corp., Tokyo, Japan). Cells adhering to the lower chamber surface were quantified by visualizing five random fields at a magnification of x200 and averaging as described.
Wound healing assay. Cells (5x10 5 ) were seeded into 6-well plates and incubated for 24 h. After cells reached 90-100% confluence, a sterile pipette tip was used to create a straight scratch to form a wound. After culturing for another 24 h, the cells which migrated to the wounded area were visualized and images were captured (Olympus CX31; Olympus Corp.). The percentage of wound closure was determined.
Western blot analysis. The same amount of proteins was separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membrane. After being blocked with 5% non-fat milk for 1 h at room temperature, the membranes were incubated with specific primary antibodies at 4˚C overnight. Following incubation with corresponding secondary antibodies (at a dilution of 1:5,000; cat. no. 7074 and cat. no. 7076; Cell Signaling Technology, Inc., Danvers, MA, USA), bound proteins were visualized using enhanced chemiluminescent (ECL; Thermo Fisher Scientific, Inc.). Primary antibodies used in the present study were as follows (at a dilution of 1:1,000, purchased all from Cell Signaling Technology, Inc.): anti-MMP3 (cat. no. 14351), anti-MMP9 (cat. no. 13667), anti-VEGF (cat. no. 2463), anti-E-cadherin (cat. no. 3195), anti-N-cadherin (cat. no. 13116), anti-Snail (cat. no. 3879), anti-β-catenin (cat. no. 8480) and anti-GAPDH (cat. no. 5174). Results were normalized to the expression of GAPDH.
Immunofluorescence staining. Cells in the different groups were seeded on slides in 6-well plates. After culturing for 24 h, cells on the slides were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 5 min, and then permeabilized with 0.2% Triton X-100 and 1% bovine serum albumin (BSA) for 20 min at room temperature. After washing in PBS, the cells were incubated with primary anti-E-cadherin monoclonal antibody (cat. no. 3195; Cell Signaling Technology, Inc.). The cells were then incubated with corresponding secondary antibodies (1:5,000, cat. no. A-11034, Pierce; Thermo Fisher Scientific, Inc.) for 1 h at room temperature. After cells were staining with 10 mg/ml DAPI for 1 min, the cells were examined under a fluorescence microscope (Olympus BX53; Olympus Corp.).
Animal models. The 4-week old BALB/c athymic nude mice were supplied by the Experimental Animal Center of Xi'an Jiaotong University. Animal experiments were performed according to the guidelines of the National Institute of Health (NIH, Bethesda, MD, USA). All animal studies were approved by the Medical Ethics Committee of the First Affiliated Hospital of Xi'an Jiaotong University. miR-21-overexpressing lentiviral constructs were generated using synthetic oligonucleotides and the Lv-CMV-GPF vector (Shanghai GenePharma) and was named as LV-miR-21. The mice were divided into 4 groups with 5 mice in each group as follows: i) control group, mice received an injection of 2x10 6 AGS cells which were transfected with MEG3 scramble as control; ii) LV-miR-21 group, mice received an injection of 2x10 6 AGS cells which were transfected with LV-miR-21; iii) lncRNA-MEG3 group, mice received an injection of 2x10 6 AGS cells which were transfected with lncRNA-MEG3; iv) MEG3 + LV-miR-21 group, mice received an injection of 2x10 6 AGS cells which were co-transfected with lncRNA-MEG3 and LV-miR-21. All the cells were injected subcutaneously into the flank area of each animal in the different groups, respectively. The tumors volume was measured every five days after the injection. Tumor volume was calculated according to the following formula: Tumor volume (mm 3 ) = length x width 2 /2. After 25 days post-injection, the mice were sacrificed by cervical dislocation and the tumors were weighed and collected for the following experiments.
Immunohistochemistry. The mouse tumors were fixed in 4% paraformaldehyde, and then were dehydrated and embedded in paraffin. Tumor tissues were cut into 4-µm sections for detection. The tissue slices were deparaffinized with xylene and rehydrated in a graded alcohol series and distilled water. After blocking with hydrogen peroxide, citrate buffer was used to perform antigen retrieval in a water bath at 95˚C for 35 min. After naturally cooling down, the sections were blocked with 5% BSA and incubated overnight at 4˚C with primary antibody VEGF (cat. no. ab53465; Abcam, Cambridge, UK). After incubation with the secondary antibody, the DAB (Beyotime Institute of Biotechnology, Jiangsu, China) system was used for detection.
Statistical analysis. Statistical analysis was performed using SPSS 19.0 software (IBM Corp., Armonk, NY, USA). All results are presented as mean ± standard deviation (SD). Statistical significance was tested by a Student's t-test or a one-way ANOVA test as appropriate. A difference was considered statistically significant at P<0.05.
Results

MEG3 is downregulated while miR-21 is upregulated in gastric cancer tissues and cell lines.
The expression of MEG3 and miR-21 was detected in 30 gastric cancer tissues and 30 normal tissues by qPCR. The expression of MEG3 was significantly decreased while the expression of miR-21 was significantly increased in tumor tissues compared with the normal tissues ( Fig. 1A and C; P<0.05 ). The expression of MEG3 and miR-21 was also detected in 5 gastric cancer cell lines (AGS, NCI-N87, SGC7901, MKN45 and TMK-1) and a normal gastric epithelium cell line (GES-1), respectively. Our data demonstrated that the expression of MEG3 was downregulated while the expression of miR-21 was upregulated in gastric cancer cell lines compared with the normal gastric cell line ( Fig. 1B and D; P<0.05, P<0.01 ). The AGS cell line was chosen for subsequent experiments as it had lower MEG3 expression and higher miR-21 expression than the other cell lines. These data suggested that MEG3 was downregulated while miR-21 was upregulated in the gastric cancer tissues and cell lines.
MEG3 inhibits invasion and migration of gastric cancer cells by suppressing EMT.
To investigate the effects of MEG3 in the progression of gastric cancer, lncRNA-MEG3 was transfected into AGS cells. The relative expression of MEG3 was significantly higher in the lncRNA-MEG3 group than the level noted in the MEG3 scramble group and the control group ( Fig. 2A; P<0 .01). Results from Transwell and wound healing assays indicated that the upregulation of MEG3 in AGS cells significantly inhibited the invasion and migration abilities of the cells ( Fig. 2B-E; P<0 .05, P<0.001). The expression levels of MMP-3, MMP-9 and VEGF which are related to cell migration and invasion were much lower in the lncRNA-MEG3 group than these parameters in the MEG3 Fig. 2F and G; P<0.01) . Moreover, the expression of epithelial marker E-cadherin was upregulated while the expression of mesenchymal markers N-cadherin, Snail and β-catenin were downregulated in the lncRNA-MEG3 group compared with the MEG3 scramble group and the control group ( Fig. 2H and I; P<0.05) . These results demonstrated that MEG3 inhibited the invasion and migration of gastric cancer cells by suppressing EMT.
miR-21 is negatively regulated by MEG3 and overexpression of miR-21 counteracts the inhibitory effect of MEG3 on cell
mobility. We further investigated the relationship between MEG3 and miR-21 in the present study. Results of qPCR demonstrated that upregulation of MEG3 suppressed the expression of miR-21 while downregulation of MEG3 promoted the expression of miR-21. However, neither upregulation nor downregulation of miR-21 had a significant effect on the expression of MEG3. These results indicated that the expression of miR-21 was negatively regulated by MEG3 ( Fig. 3A-D; P<0.05) . Moreover, transfection of the miR-21 mimic promoted the migration and invasion of gastric cancer cells. Co-transfection with lncRNA-MEG3 and miR-21 mimic also promoted the migration and invasion of gastric cancer cells compared with the lncRNA-MEG3 group, indicating that MEG3 suppressed cell mobility by downregulating the expression of miR-21 ( Fig. 3E-H, P<0 .05, P<0.05). Our results indicated that miR-21 was negatively regulated by MEG3 and overexpression of miR-21 counteracted the inhibitory effect of MEG3 on cell mobility.
Regulation of GC cell mobility is achieved by the MEG3/ miR-21 axis through inhibition of EMT.
We detected the expression of VEGF, E-cadherin and N-cadherin by western blot analysis. The expression of VEGF and N-cadherin was relatively higher while the expression of E-cadherin was lower in the miR-21 mimic group than the control group. Co-transfection with lncRNA-MEG3 and miR-21 mimic increased the expression of VEGF and N-cadherin while decreased the expression of E-cadherin compared with the lncRNA-MEG3 group ( Fig. 4A and B ; P<0.05, P<0.05).
Moreover, the morphology of miR-21 mimic-transfected cells transformed into a more stretched-out shape. A similar morphological change was also observed in the MEG3 + mimic group. However, lncRNA-MEG3-transfected cells had more tight intercellular contact compared with the control group (Fig. 4C) . We also detected the expression of E-cadherin using immunofluorescence staining. Our results indicated that the relative expression of E-cadherin was decreased in the miR-21 mimic group while increased in the lncRNA-MEG3 group. Co-transfected with lncRNA-MEG3 and miR-21 mimic suppressed E-cadherin expression compared with the lncRNA-MEG3 group (Fig. 4D) . Taken together, our results indicate that the MEG3/miR-21 axis inhibits gastric cancer cell mobility by suppressing EMT.
MEG3/miR-21 axis suppresses tumor growth and metastasis through inhibition of EMT in vivo.
Having elucidated the regulatory role of the MEG3/miR-21 axis in gastric cancer cell lines, we then set to investigate the effects of the MEG3/miR-21 axis on gastric cancer growth and metastasis in vivo. BALB/c mice were injected with the differently transfected AGS cells to form animal models for in vivo research. Our data demonstrated that tumors in the LV-miR-21 group grew more rapidly and were larger while tumors in the lncRNA-MEG3 group grew slower and were smaller compared with the control group. Co-transfection with lncRNA-MEG3 and LV-miR-21 increased tumor volume and tumor weight compared with the lncRNA-MEG3 group (Fig. 5A and B, P<0.05, P<0.05). Moreover, we also detected the expression of migration-related proteins in the tumor tissues through western blot analysis and immunohistochemistry. We observed that the expression levels of MMP-3, MMP-9 and VEGF were increased in the LV-miR-21 group while the expression was decreased significantly in the lncRNA-MEG3 group compared with the control group. The expression of MMP-3, MMP-9 and VEGF was significantly increased in the MEG3 + LV-miR-21 group compared with the lncRNA-MEG3 group. The expression of VEGF detected through immunohistochemistry in the different groups was similar with the results of the western blot analysis ( Fig. 5C-E ; P<0.05, P<0.05). In addition, relative expression of E-cadherin was decreased while N-cadherin was increased in the LV-miR-21 group, however, the change was reversed in the lncRNA-MEG3 group. The expression of E-cadherin was much lower while the expression of N-cadherin was higher in the MEG3 + LV-miR-21 group compared with the lncRNA-MEG3 group ( Fig. 5F and G; P<0.05, P<0.05). Taken together, our data indicated that the MEG3/miR-21 axis suppressed tumor growth and metastasis by suppressing EMT in vivo.
Discussion
Recently, more and more long non-coding RNAs (lncRNAs) have been identified and the participation of lncRNAs in tumor progression has also gained the increased attention of researchers. lncRNAs are reported to participate in various biological processes (18, 19) . Moreover, dysregulation of lncRNAs may result in progressive and uncontrolled tumor growth (20) . As one of the lncRNAs, MEG3 is reported to act as a tumor-suppressor lncRNA in various types of cancers. It was found that the expression of MEG3 was much lower in cancer tissues than adjacent normal tissues in lung, cervical and gallbladder cancer (11, 17, 21) . Similarly, in the present study, we also revealed that the expression level of MEG3 was downregulated in both gastric cancer tissues and gastric cancer cell lines, indicating that the loss of MEG3 may participate in the tumor progression of gastric cancer. Epithelial-mesenchymal transition (EMT) is a physiopathological process where epithelial features are lost and mesenchymal features gradually develop in epithelialoriginating tumor cells. EMT is reported to reduce intercellular adhesion and promote cell migration and invasion (22) . During EMT, the mesenchymal marker N-cadherin is upregulated while the epithelial marker E-cadherin which is transcriptionally repressed by Snail is downregulated (23) . Moreover, E-cadherin is also reported to anchor to the adherence junction through a structural association with β-catenin and abnormalities of β-catenin expression are correlated with increased invasive capacity of cancer cell lines (24) . Matrix metalloproteinases (MMPs) are a family of functionally related zinc-containing enzymes which can degrade the extracellular matrix to promote cell invasion (25) . The vascular endothelial growth factor (VEGF) is important in angiogenesis, promoting endothelial cell proliferation, migration and invasion (26) . A study by Terashima et al indicated that MEG3 plays a vital role in the epigenetic regulation of the EMT process in lung cancer cells (27) . In agreement with previous studies, we observed that the overexpression of MEG3 suppressed migration and invasion abilities of gastric cancer cells and also decreased the expression of MMP-3, MMP-9 and VEGF. Moreover, overexpression of MEG3 also inhibited EMT by increasing an epithelial marker (E-cadherin) and decreasing mesenchymal markers (N-cadherin, Snail and β-catenin). lncRNA-MEG3-transfected gastric cancer cells had more tight intercellular contact compared with the control group, indicating that overexpression of MEG3 inhibited EMT in gastric cancer cells. Our results suggest that MEG3 suppresses cell mobility of gastric cancer by inhibiting EMT.
Since we revealed the function of MEG3 in the progression of gastric cancer, the underlying mechanism still needed to be elucidated in detail. lncRNAs are able to bind to common miRNA binding sites of mRNAs, thus releasing the target mRNAs from these miRNAs and abolishing the downstream effects of these miRNAs (28) . A previous study reported that MEG3 suppressed endothelial cell proliferation and migration by regulating miR-21 (29) . A study by Zhang et al elucidated that MEG3 was downregulated in cervical cancer and affected cell proliferation and apoptosis by regulating miR-21 (17) . In the present study, we focused on the relationship between lncRNA MEG3 and miRNA miR-21 in gastric cancer. miR-21 is reported to be upregulated during tumor progression and also associated with poor survival in various types of tumors (15, 16) . In the prsent study, we also revealed that miR-21 was significantly upregulated in gastric cancer tissues and gastric cancer cell lines. Moreover, upregulation of MEG3 suppressed the expression of miR-21 while neither upregulation nor downregulation of miR-21 significantly affected the expression of MEG3. Our results indicated that the expression of miR-21 was negatively regulated by MEG3. Apart from that, overexpression of miR-21 promoted the migration and invasion of gastric cancer cells through activation of EMT.
Co-transfection with lncRNA-MEG3 and miR-21 mimic counteracted the inhibitory effect in cell mobility of MEG3, suggesting that the MEG3/miR-21 axis affects cell mobility by suppressing EMT in gastric cancer.
Having understood the mechanism of the MEG3/miR-21 axis in gastric cancer in vitro, we carried out in vivo experiments for further investigation. Previous studies revealed that MEG3 reduced tumor growth and tumor volume in glioma (30) . Another study also indicated that inhibition of miR-21 suppressed tumor growth in intrahepatic cholangiocarcinoma (31) . In accordance with previous studies, our results demonstrated that overexpression of MEG3 suppressed tumor growth and metastasis through inhibition of EMT while overexpression of miR-21 had opposite effects. In addition, co-transfection with lncRNA-MEG3 and LV-miR-21 also counteracted the inhibitory effects in tumor suppression and metastasis of MEG3, indicating that the MEG3/miR-21 axis suppresses tumor growth and metastasis through inhibition of EMT in gastric cancer.
Taken together, the present study demonstrated that MEG3 was downregulated and suppressed cell mobility in gastric cancer. miR-21 was negatively regulated by MEG3 and promoted metastasis in gastric cancer. The MEG3/miR-21 axis participated in the tumor progression and metastasis of gastric cancer through regulation of EMT. Thus, targeting the MEG3/miR-21 axis may be a new strategies for the therapy of gastric cancer.
